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Biodegradable polymers can be decomposed by micro-organisms with 
almost no impact on the environment, and are a promising alternative to 
conventional polymers for some specific applications. 
Among the biodegradable polymers, PLA is one of the most attractive 
due to its good processability, biocompatibility, interesting physical 
properties and the possibility of being obtained from renewable sources. 
Hydrolysis is the major depolymerization mechanism and the rate-
controlling step of PLA biodegradation in compost.  
The characteristic of being degradable is not per se an advantage: the 
propensity to degrade in the presence of water significantly limits specific 
industrial applications, particularly for durable products with long-term 
performance such as in the automotive, electronic, and agricultural 
industries, as well as in medical applications.  
In general, being able to control the degradation rate would be a real 
advantage: a product should preserve its characteristics during processing 
and for a time comparable to its application, but should be nevertheless fully 
biodegradable at longer times. The degradation rate of PLA can be modified 
using several techniques, such as blending, copolymerization and surface 
modification. However, these change the physical properties of the material. 
The use of additives that can change the rate of hydrolysis preserves the 
nature of PLA. This field of research is just starting and is extremely 
promising. 
Any factor affecting the rate of hydrolysis could either accelerate or 
retard the whole biodegradation process. It is quite well known that the 
kinetics of hydrolysis strongly depend on the pH of the hydrolyzing medium.  
The idea explored during this study is the use of additives able to control 
the pH of water when it diffuses inside the polymer. For instance, some acids 
(e.g. succinic acid, also used as a food additive) are bio-  and eco-friendly 
additives which are able to play this role. 
However, in order to control the release of these molecules and their 
dispersion inside the polymer, intercalation in biocompatible nanofillers like 
LDH has been considered. 
The aim of this work has been to obtain bionanocomposites with a 
degradation rate which can be modulated in time, so that it can be possible to 
decide a priori the time after which the material will disappear in a given 





Several mixtures of PLA (4032D, 4060D) and LDH of cation composition 
Mg2Al organo-modified with organic acids (succinc, fumaric and ascorbic 
acid) have been obtained by extrusion. From the extruded materials there 
were obtained films by compression molding; these films were then 
subjected to hydrolysis tests. The experimental results show that for samples 
loaded with LDH-organic acid (in particular LDH-succinic acid), there is an 
increase in the time needed for degradation, and a decrease in this time for 
samples loaded with organic acid alone.  
From the selected material (PLA + LDH-succinic acid) and from pure PLA, 
biphasic samples (half amorphous and the other half crystalline)  have been  
obtained by micro-injection molding. Also in this case, the experimental 
results show an increase for the loaded samples in the time needed for 
degradation compared to pure PLA both for the crystal phase and for the 
amorphous one, and in particular the presence of a degradation profile within 










1.1. Poly(lactic acid)  
The disposal of polymeric waste is increasingly becoming an issue of 
international concern. The issue of the reduction of waste has forced 
companies to start researching the use of biomaterials. The use of 
biodegradable polymers is a possible strategy to face most of the problems 
related to the disposal of the durable (non-biodegradable) polymers. 
The growing attention to biopolymers is due to several factors: 
- rising environmental concerns on the part of consumers, who are 
increasingly willing to pay higher prices for green products (Pantani 
and Turng, 2015) 
- compostability as an alternative end-of-life option, with legislative 
drivers and with the specific functionality of certain bioplastics 
contributing to the increasing interest (Soroudi and Jakubowicz, 
2013) 
- the transition from a fossil-based economy to a bio-based economy 
is an important EU 2020 Strategy target. 
Biodegradable polyesters are among the most important components of 
the category of biodegradable polymers. The ester bonds present in this kind 
of polymer are highly hydrolysable, which makes this category of polymers 
highly prone to degradation in humid environments. 
Poly lactic acid, PLA (Garlotta, 2001), an aliphatic thermoplastic polyester 
produced from renewable sources, is one of the most interesting 
biodegradable polymers. PLA is a rigid thermoplastic polymer, versatile, 
recyclable and compostable, with high transparency, high molecular weight, 
and relatively good processability. Commercial PLA is a copolymer between 
poly (L-lactic acid) and poly (D-lactic acid). It can be semi-crystalline or 
totally amorphous, depending on the stereoregularity of the polymer. PLA is 
obtained from the fermentation of sugar or feedstock or corn, and by the 













Figure 1. Structure of poly-lactic acid 
 
The recent development of a continuous process of production of this 
PLA has lowered its price to be competitive with other degradable polymers 
and potentially competitive with petroleum-derived plastics (Soroudi and 
Jakubowicz, 2013). 
The final properties of the polymer are determined by its stereochemical 
composition, since lactic acid exists as two optical isomers, l- and d-lactic 
acid. Poly(l-lactide) (PLLA) and poly(d-lactide) (PDLA) are 
(semi)crystalline polymers which are hard, while poly(d,l-lactide) (PDLLA) 
is an amorphous polymer which is brittle. Only when the d- and l-unit 
sequence are completely alternating with each other can the PDLLA be 
crystalline. 
As with other bioplastic materials, PLA shows: 
- a slow crystallization kinetics (Pantani et al., 2010),  
- a limited processing window due to thermomechanical degradation 
(Benali et al., 2015, De Santis and Pantani, 2015, Speranza et al., 
2014)  
- a loss of thermo-mechanical properties when heated or exposed to 
humidity (Hglund et al., 2012, Harris and Lee, 2010). 
PLA is used in a lot of areas, such as biomedical, packaging, and tissue 
engineering, and there are many companies interested in its properties, 
mainly in its biodegradability. It is very important to understand the 
degradation characteristics of PLA, for both consumer and biomedical 
applications (due to its biocompatibility and bioresorbability). 
Propensity to degradation in the presence of water along with 
thermomechanical resistance, as well as restricted gas barrier properties, 
significantly limits specific industrial applications, particularly for durable 
products with long-term performance, such as in the automotive, electronics, 
biomedical and agricultural fields (Stloukal et al., 2015, Notta-Cuvier et al., 
2014, Harris and Lee, 2013). Knowledge of the hydrolytic degradation of 
poly(lactic acid) (PLA) is essential for the plastics industry to meet current 
environmental regulations. Furthermore, control of its hydrolytic degradation 
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and biodegradation is fundamental for medical applications. There are cases 
where the acceleration of degradation is desirable, while in other cases what 
is required is to extend the service life of the PLA, depending on the field of 
application (Auras, 2010). The possibility of controlling the rate of 
biodegradation is strategic for the application of biodegradable polymers in 




1.2. Hydrolysis of PLA 
 
In the natural environment, the degradation of PLA proceeds either 
through hydrolytic or enzymatic chain scission of the ester bonds to produce 
low molecular weight oligomers and monomers, thus enabling assimilation 
by microorganisms. Biodegradation of PLA proceeds readily in a compost 
environment. In particular, abiotic hydrolysis, Figure 2, which induces 
compositional and morphological changes, was suggested as a major 
depolymerization mechanism and the rate-controlling step of PLA 
biodegradation in compost (Pantani and Sorrentino, 2013).  
 
 
Figure 2. Hydrolysis mechanism of PLA 
 
Hydrolysis of PLA has been reported to proceed either at the surface or 
within the bulk, and is determined by several variables, including chemical 




molecular weight distribution, sample morphology, chain orientation, the 
presence of residual monomers, and environmental degradation conditions 
(temperature and pH). Therefore, any factor affecting the rate of hydrolysis 
could either accelerate or delay the whole biodegradation process.  
Many studies have been made of the hydrolytic degradation of PLA, 
analysing the factors that can influence this phenomenon (Lostocco and 
Huang, 1998, Henton et al., 2005). It has been recognized that hydrolysis is 
auto-catalytic as a result of acceleration by their carboxyl end groups 
(Hocking et al., 1995, Li et al., 1990) and that the pH of the degrading 
medium determines the kinetics (De Jong et al., 2001). The formation of 
lactic acid oligomers following chain scission increases the concentration of 
carboxylic acid end groups in the degradation medium, making the 
hydrolytic degradation of PLA a self-catalyzed and self-maintaining process 
due to the catalytic action of these end groups. At the same time, the 
structural and morphological organization of PLA strongly affects its 
hydrolytic degradation mechanism. It has been found that hydrolytic chain 
cleavage proceeds preferentially in the amorphous regions, leading to an 
increase in polymer crystallinity (Jimenez et al., 2015). The rate of the 
degradation reaction is also affected by the structure of the macromolecules 
and the shape of the specimen. Chemical hydrolysis reduces the molecular 
weight of the PLA, and only then can the microorganisms use lactic acid 
oligomers as an energy source (Itavaara et al., 2002). 
As is widely reported, the hydrolytic degradation of PLA typically occurs 
in stages: 
1. Diffusion of water into the material; 
2. Hydrolysis of chains in the amorphous region, because of the lower 
resistance to water attack; 
3. Diminution of molecular weight as a result of hydrolytic cleavage of 
ester bonds and the formation of water-soluble compounds 
4. Hydrolysis of the lamellae of the crystalline phase, which can occur 
through an autocatalytic mechanism by the acidic degradation products as 
well as by the increasing concentration of carboxylic acid at the ends of the 
chain (Metters et al., 2000, Piemonte and Gironi, 2013, Tokiwa and Calabia, 
2006, Vert et al., 1991). 
However, the mechanism of hydrolysis is still not clear: it is reported that 
random chain scission takes place in acidic conditions (Shih, 1995) and in 
basic conditions (Belbella et al., 1996). Chain scission can induce a much 
faster reduction of physical properties (Gleadall et al., 2014) than end 
scission. Also the effect of the stereochemical composition is not well 
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1.3. Modulation of biodegradation rate of Poly(Lactic Acid) 
 
The possibility of controlling the rate of biodegradation is strategic for the 
application of biodegradable polymers in many sectors (Ha and Xanthos, 
2010). The degradation rate of PLA has been modified using several 
techniques: blending, copolymerization, surface modification, and many 
others. Blending polymers is a simple way to modify the physical and 
mechanical properties of polymers and so their degradability. Arias et al. 
(Arias et al., 2014) have controlled and predetermined degradation profiles 
through the miscibility of PLA-based materials during hydrolytic 
degradation and through the miscibility of PLLA melt-blended with different 
polyesters. However, this method changes the physical properties of the 
material, including the desired ones. 
The use of additives which can change the rate of hydrolysis is a method that 
preserves the intrinsic properties of PLA. Recently, Stloukal et al. (Stloukal 
et al., 2015) investigated the stabilization effect of a commercially available 
aromatic carbodiimide-based anti-hydrolysis agent (which can modify the 
diffusion of water into the polymer matrix), intended to improve the 
hydrolysis resistance of PLA based materials and prevent their degradation 
during processing. Even more recently, Benali et al. (Benali et al., 2015) 
used silanized zinc oxide nanofiller (ZnOs) to tune the hydrolytic 
degradation of PLA. Other fillers, such as clays (Balaguer et al., 2016, Ha 
and Xanthos, 2010), silver (Gorrasi et al., 2015), SiO2 (Hernández, 2014) 
and graphene (Bayer, 2017) have been evaluated. Apart from the results 
reported by Stloukal et al., which show a quite significant delay in 
hydrolysis, the use of other additives appears to be marginal, if not negative 
toward the stabilization of PLA. 
The aim of this work is to control the degradation rate of PLA so as to 
obtain plastic products which degrade in a time compatible with the 
application for which they are used. The route adopted is the combination of 
two-dimensional layered material and intercalation, which offers a new route 
for developing nanohybrids with desired functionalities. In particular, 
layered double hydroxides (LDHs), also called anionic clays, were adopted. 
This class of fillers is extremely interesting since negatively charged 
molecules can be incorporated between hydroxide layers as charge 
compensating anions through ion exchange techniques (Nalawade et al., 
2009). These molecules can impart particular properties to the polymer 
matrix. A review of the state of the art concerning PLA-LDH 
bionanocomposites can be found in (Sisti et al., 2013). Despite the huge 
amount of studies on PLA-LDH systems, only a few papers deal with the 
effect of the presence of LDH on the degradation of PLA. Zhou and Xanthos 
(Zhou and Xanthos, 2008) found a reduction of the degradation rate in PLA 




catalytic effect of the carboxylic end groups induced by the filler. Eili et al. 
(Eili et al., 2012) observed an increasing biodegradation rate of 
nanocomposites of PLA and stearate-Zn-Al-LDH on increasing the filler 
content, possibly due to an increased water sorption. Oyarzabal et 
al.(Oyarzabal et al., 2016) studied the hydrolytic degradation of a 
nanocomposite of PLA and LDH modified with 4-biphenyl acetic acid (Bph) 
and observed that the filler inhibited the degradation rate at the early stages, 
due to the reduction of the diffusion of the oligomers resulting from 
hydrolysis, but then promoted a faster weight loss. 
Clearly, as expected, the degradation rates of PLA-LDH 





Use of polymeric material is growing each day, involving all the aspects of 
common life as well as very specific sectors. For this reason, each 
application needs material with suitable features. Although the polymers 
sector includes today over thousands of different possibilities, these might 
not be enough to satisfy the market.  
Some industries are trying to replace oil-made polymers with 
biodegradables. However, biodegradable polymers show sometimes a lack 
of properties, such as low barrier properties against gas or lower mechanical 
properties than common polymers. The use of additives loaded in the 
polymeric mold allows improving some specific properties, and nowadays 
this is becoming more and more widespread. The additives allow the 
application of the biodegradable polymers in critical sectors, such as 
electronics, or in disposable applications such as glasses and dishes. In the 
first case, to produce durable goods, interest is growing in materials derived 
from fibers of natural origin. In the second case, great importance is given to 
degradation speed at the end of product life, so there is great interest in 
additives to be loaded into the polymer in order to speed the process. To 
develop a formulation suitable for a specific application, without damaging 
polymer biocompatibility, some regulations about biodegradability must be 
followed:  
 
 No toxic by-products: the additive must not release toxic waste into the 
environment; 
 Concentrations of heavy metals must not exceed maximum levels 
permitted by law; 
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 Evaluation of biodegradability: metal or non-biodegradable constituents 
are permissible if the percentage is lower than 1% for each constituent 
and 5% for all the components; 
 Determine the final quality of the compost.  
 
Good results in adding filler are not always ensured. Blends are defined as 
heterogeneous if the components are present in separate phases. Usually the 
minor component is dispersed in a matrix of the dominant component. 
Compatibility could depend on the temperature; in this case the blend is 
considered partially miscible and coalescence could occur, which implies a 
lower dispersion. 
Practically, every aspect (almost) of a polymer can be modified by adding 
filler, from the mechanical properties to its temperature resistance.  
It is of interest for this work to delay the biodegradation time of a polymer, 
in particular PLA, for applications that require a longer lifetime of the 
polymer. To reach this goal some additives have been added to PLA.  
 
1.4.1. Layered Double Hydroxides (LDH) 
The possibility of controlling the rate of biodegradation is strategic for the 
application of biodegradable polymers in many sectors, such as automobile, 
transport, electronic and electrical appliances, and agriculture. The use of 
additives which can change the biodegradation rate is therefore extremely 
interesting.  
Some nanoscale materials can be considered as additives: in particular, 
combining two-dimensional layered materials and the intercalation technique 
offers a new area for developing nanohybrids with desired functionalities 
(Nalawade et al., 2009). Layered double hydroxides (LDHs) are also called 
anionic clays, minerals of this family include hydrotalcite (Mg-Al-CO3), 
Figure 3; negatively charged molecules can be incorporated between 
hydroxide layers as charge compensating anions through ion exchange. 
LDHs have technological importance as catalysts, in separation 
technologies, optics, medicine, and nanocomposite material engineering. 











• M2+ is a  divalent cation   
• M3+ is a trivalent cation    
• A is an interlayer anion       
• n is the charge on interlayer  












Figure 4. General structure of LDH 






State of the art 
9 
 
1.4.2. Organic acids 
 
The idea explored during this study is the use of additives to control the 
pH of water when it diffuses inside the polymer. For instance, acids are bio-  
and eco-friendly additives which are able to play this role. 
In this study three kinds of organic acid have been selected: succinc acid, 
fumaric acid, and ascorbic acid. These organic acids are from natural sources 
and biocompatible, they have the common characteristic of remaining in the 





Figure 5. Chemical Structure of succinic acid 
 
Succinic acid is a carboxylic acid, in fact it has the carboxylic function -
COOH on both terminals of the molecule. It is naturally present in different 
fruits (in particular in unripe ones) and in different vegetables (as for 
example in lettuce); for industrial use it is synthesized starting from acetic 
acid. Succinic acid is an acidity regulator and also a flavouring agent. It can 
be present in desserts, bakery products, etc. 
It can be obtained by the synthesis of nitriles, ethylene chloride and sodium 
cyanide and subsequent nitrile hydrolysis.  
The properties of succinic acid are shown below. 
 Molecular formula: C4H6O4 
 Molecular mass (u): 118.09 g / mol 
 Appearance: white crystalline solid 
 CAS number: [110-15-6] 
 Density (g / cm3 in c.s.): 1.55 
 Solubility in water at 25°C: 83.3 g / l 
 Melting temperature: 183°C (456 K) 
 Boiling point: 235°C (508 K) 
 Flash point: 206°C (479 K) 











Figure 6. Chemical Structure of fumaric acid 
 
Fumaric acid (also trans-butylic acid) is a naturally occurring acid in fruits 
and vegetables and is a substance that has been isolated in the roots of the 
wild herbaceous plant Fumaria officinalis, Fumariaceae from which the 
name derives.  
Fumaric acid is an isomer of maleic acid (cisbutendioico acid). 
The two substances are stable and distinct isomers, since the rotation around 
a double carbon-carbon bond is prevented. The transition between cis and 
trans isomers requires significant energy supply. 
The characteristics of the two acids are very different: for example, maleic 
acid is toxic, while fumaric is used as a medicine and in food products. 
It is produced industrially both by fermentation and synthetically.  
Fermentation, through the fermentation of sugars by mushrooms, is the way 
to produce fumaric acid for food use. 
Fumaric acid is mainly produced by isomerization of maleic acid using urea 
as a catalyst. It is also obtained as a by-product in the synthesis of malic acid 
The properties of fumaric acid are shown below: 
 Molecular or molecular formula: C4H4O4 
 Molecular mass (u): 116.07 
 Appearance: white crystalline solid 
 CAS number: [110-17-8] 
 Density (g / cm3 in c.s.): 1,635 
 Solubility in water at 20°C: 6.3 g / l 
 Melting temperature: 287°C (560 K) 
 Boiling point: 290°C (563 K) 
 Flash point: 273°C (546 K) 














Figure 7. Chemical Structure of ascorbic acid 
 
L-ascorbic acid (also known as vitamin C and antiscorbutic principle) is a 
naturally occurring organic compound with antioxidant properties. It is a 
white solid that in impure samples, moistened or oxidized by atmospheric 
oxygen may appear yellowish. It is also a water-soluble vitamin, essential in 
humans, but not in all mammals, antioxidant, often used in salt form 
(ascorbate), which performs multiple functions in the body. 
Its properties are shown below 
 Molecular formula: C6H8O6; 
 Molecular mass of 176.2 g / mol; 
 Appearance: yellow or white solid; 
 Density of 1.65 Kg / l; 
 Water solubility of 0.33 Kg / l; 
 Melting temperature of 190°C–192°C with decomposition 
 Acidity (pKa) pka1 = 4.1 pka2 = 11.8 
 
 
1.5. The aim of this work 
The modulation of the degradation rate of a product would be a real 
advantage: it should preserve its characteristics during processing and for a 
time comparable to its application, and should be nevertheless fully 
biodegradable at longer times. The degradation rate of PLA has been 
modified using several technique: blending, copolymerization, surface 
modification, and many others, however this changes the physical properties 
of the material. The use of additives which can change the rate of hydrolysis 
is a way to preserve the nature of PLA. This field of research is just starting 
and is extremely promising. 
The basic idea of the project is to act on the kinetics and the mechanism 
of hydrolysis, which is the preparatory step for biodegradation. This has two 
advantages, giving the chance to control both the degradation in the presence 





The applicability of PLA will be widened by modulating its durability 
according to the requirements of the application. This will allow expanding 
the range of possible applications and open new fields, currently inaccessible 
due to a too slow or too fast degradation, for example in the automotive and 
electronics industries. Furthermore, it will be possible to provide PLA new 
functionalities, such as enhanced barrier properties, anti-oxidant properties, 
and anti-bacterial properties, thus further enlarging its possible applications 
and opening new and diversified markets for this biopolymer. 
A factor affecting the rate of hydrolysis could either accelerate or retard 
the whole biodegradation process. It is quite well known that the kinetics of 
hydrolysis strongly depend on the pH of the hydrolyzing medium.  
The idea explored in this study is the use of additives to control the pH of 
water when it diffuses inside the polymer. In particular, acids will be 
selected with the following characteristics: a melting temperature higher than 
the normal processing temperatures of PLA (about 200°C), biocompatibility, 
and originating from renewable sources. For instance organic acids (e.g. 
succinic acid, also used as a food additive) are bio-  and eco-friendly 
additives which are able to play this role. 
In order to control the release of the acid molecules inside the material in 
the presence of water, they will be placed as host molecules between the 
layers of Hydrotalcite-like compounds, also known as layered double 
hydroxide (LDH), which are known to be excellent reservoirs for drug 
delivery. 
The additives have been dispersed in the polymer by melt compounding, 
a technique which is readily scalable up to industrial production, being   
inexpensive, fast, and compatible with current industrial techniques.  
The results showed that the mentioned molecules, dispersed in the 
polymer, are able to control the rate of hydrolysis. 
 
The aim of this work has been to obtain bionanocomposites by micro-
injection molding (a technology for high value-added products of increasing 
application in the areas of medical applications, for example) with a 
degradation rate which can be modulated in time; so that it can be possible to 
decide a priori the time after which the material will disappear in a given 













In this work two particular grades of PLA have been used:  
 4032D: This contains about 2% D-lactide with a maximum 
degree of crystallinity of about 45% and its average molecular 
weight (Mw) is about 106 KDa; 
 4060D: This contains about 15% D-lactide. It is completely 
amorphous and has average molecular weight (Mw) of about 95 
KDa. 
The values of  the Mw of the two different grades of PLA have been 
evaluated by GPC.  Both kinds of PLA were produced by Natureworks 
(Minnetonka, MN, USA). 
The fillers used were organic acids, all from Sigma Aldrich (St. Louis, 
MO, USA)  (succinic (1,4dioic butane, HOOC-CH2-COOH, E363), 
fumaric (trans-butenedioic, HOOC-CH=CH-COOH, E297), and ascorbic 
acids (oxo-3-gulofuranolactone, C6H8O6, E300)), as well as LDHs of 
cation composition Mg:Al (2:1) intercalated with the three organic acids 
just mentioned, used as host molecules. 
The selected organic acids were from natural sources and biocompatible. 
They have the common characteristic of remaining in the solid state at the 
processing temperatures of PLA. Fumaric, succinic and ascorbic acids 
were used as received from the supplier. 
LDHs intercalated with organic acid have been synthesized through a 
process that will be explained in the section dedicated to the method. In 
this process there were used magnesium nitrate, aluminum nitrate and 












2.2.1. Synthesis of layered double hydroxide  
 
The LDHs were synthesized by co-precipitation. LDHs can be 












 are the divalent and the trivalent cations 
respectively, A
n-
 are the exchangeable intralayer anions whose function is 









 respectively, while A
n-
 
were organic anions deriving from the organic acids mentioned in the 
previous section. 
A metallic solution was prepared using the nitrate of the two cations 
considered, Mg(NO3)2 and Al(NO3)3. The quantities of the salt used 
were carefully calculated in order to maintain an Mg/Al ratio equal to 2, 
in particular 28.36 g of Mg(NO3)2 and 20.72 g of Al(NO3)3 have been 
used. The salts were inserted in a little vessel and 100 ml of distilled 
water was added; then the solution was stirred for about two minutes to 
ensure the complete solubilization of the salts. There was also prepared 
an alkaline solution, dissolving 8 g of sodium hydroxide (NaOH) in 100 
ml of distilled water. 
The synthesis reaction of the LDHs was carried out in a one-liter volume 
reactor. The process was performed under a nitrogen atmosphere, in order 
to avoid any contamination by carbonation, at 25°C and at atmospheric 
pressure. During the synthesis reaction of the LDHs, the pH was 
continuously controlled and kept constant and equal to 9.5, which was 
found to be the optimal value to yield the present organic-inorganic 
materials. As an alternative, the same procedure was carried out using the 
carbonate of the two cations considered to prepare the starting metallic 
solution. 
It is possible to intercalate some molecules inside the LDH. With this 
aim, organic acid, about 13 g, was directly inserted in the reactor and 
dissolved in 500 ml of distilled water. The system was covered and 
continuously stirred. The metallic solution and the alkaline one were 
slowly pumped into the reactor. The flow rate of the metallic solutions 
was 0.5 ml/min; a pH-meter and a pump were connected to a computer 
where a software application analysed the pH and transmitted to the 
pump the correct flow rate of alkaline solution in order to keep the pH 
constant.  
Once the metal salts were ready, the final solution in the reactor was 
stirred for three hours. After aging, the material was washed with distilled 
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water and centrifuged (4000 rpm) three times, to be sure that all 
impurities were removed from the reaction products. Lastly, the products 
were dried in an oven for 24 h at 60°C. After drying, whitish powders 
were obtained after grinding. 
 
 
Figure 8. Reaction system for LDH synthesis 
 
 
2.2.2. Production of the samples 
 
Extrusion process 
The pellets of the PLA, organic acids, and the LDHs synthesized were 
dried under vacuum at 60°C in an oven for 24 h. The dried materials were 
melt compounded, processed in a twin-screw mini-extruder, Minilab 
Haake Thermo Fisher Scientific (Waltham, MA, USA), with counter-
rotating screws, Figure 9, at a homogeneous temperature of 170°C, at 100 
rpm, with a cycle time of 5 min and an average charge time of 4–5 min. 







Figure 9. Minilab Thermo Scientific Extruder and its counter-rotating 
screws 
 
Several blends were studied, all reported in Table 1. 
 
Table 1. Extruded materials 
Groups Extruded materials 
 
Pure PLA 4060D; 
4032D. 
 
4032D + LDH 
 
 







4032D + organic acids 
4032D + (LDH-CO3) (at 3% wt/wt); 
4032D + (LDH-NO3) (at 3% wt/wt). 
 
4032D + LDH-succinic acid (at 1%, 
3%, 5% wt/wt); 
4032D + LDH-fumaric acid (at 1%, 
3%, 5% wt/wt); 
4032D + LDH-ascorbic acid (at 3% 
wt/wt). 
 
4032D + succinic acid (at 1% wt/wt); 
4032D + fumaric acid (at 1% wt/wt); 
4032D + ascorbic acid (at 1% wt/wt). 
 
4060D + (LDH-organic acids) 4060D + LDH-succinic acid (at 3% 
wt/wt). 
  
4060D + organic acids 4060D + succinic acid (at 1% wt/wt). 
 
No higher percentages of (LDH + organic acids) were considered: this 
was in order to avoid degradation of the PLA. 1% of organic acids 
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corresponds about to the same quantity of organic acid intercalated in 3% 




Several amorphous films were obtained from the extruded materials by 
compression molding. A carver laboratory press was used at 170°C for 20 
min, with a subsequent fast cooling in air. From these films, whose 
thickness was about 250 µm, there were obtained samples of dimensions 
[1 cm × 1 cm], which were then subjected to hydrolysis tests. 
 
Micro-injection molding 
The injection molding machine used was a HAAKE MiniJet II by 
Thermo Fisher Scientific (Waltham, MA, USA), Figure 10. The HAAKE 
MiniJet system is a piston injection molding system. Material 
consumption is reduced dramatically in comparison with conventional 
injection molding units due to:  
 Reduced cylinder volume, resulting in a smaller quantity of 
required material  
 Almost complete transportation of material into the mold, this 
minimizing any loss of material.  
 
 





Vertical machine design features are: 
 Simple loading of powders and pellets within the system 
cylinder; 
 Quick and easy removal of the heated cylinder; 
 Simple design for the exchange of molds without tools. 
To ensure a high reproducibility of the test specimens, the HAAKE 
MiniJet is equipped with a microprocessor control. All processing 
parameters, such as temperature (separately for the injection cylinder and 
mold), pressure and duration of injection and post pressure phase, are 
controlled by the PCB. User influences on the quality of the samples can 
be avoided by the high reproducibility.  
In conventional injection molding, the mold temperature is controlled by 
a continuous cooling method, in which a coolant with constant 
temperature is circulated in the cooling channels to cool the mold and the 
polymer melt. During the filling stage, this causes an abrupt polymer 
solidification close to the mold surface, which reduces the section open to 
flow and, due to the increase in the viscosity, decreases the ability of the 
polymer melt to fill the cavity. This issue is particularly significant for 
micro-injection, in which high aspect ratios are precluded by premature 
solidification. 
In order to overcome the limitations of conventional injection molding of 
micro-injection molded parts, a new dynamic mold temperature control 
system for rapid heating and cooling of the mold was employed to 
produce the micro-injected samples (De Santis and Pantani, 2016). In 
particular, in two equal regions, one just after the gate and another very 
close to the first one, the local temperature of the mold surface has been 
controlled by an ad-hoc software program based on Labview, in order to 
produce biphasic micro-injected samples. Starting from the standard 
truncated cone shape of the molds used with HAAKE Minijet II, a novel 
system comprising a mold with inserts and heating elements was adopted, 
as shown in the exploded view drawing in Figure 11. 
 




Figure 11. Exploded view of the elements composing the mold. 
 
The system consists in an electrical resistive thin component and an 
insulation layer and can increase the mold surface temperature of some 
tenths of a degree Celsius in a time of the order of one second. Between 
the two main mold halves there was inserted a slab that gives a shape to 
the cavity, see Figure 12. 
 
 
Figure 12. Slab, cavity dimension and heated zone 
 
 
Figure 13 is shows a sectional view of the assembled mold. The two 
heating elements can work independently: it is therefore possible to 







Figure 13. Schematic view of the assembled mold 
 
The sample production process consisted of three phases: 
 Injection: melted PLA was injected, at 220°C and at 150 bar, into 
the warm cavity (it was at 160°C), injection time was 20 s; 
 Maintenance-cooling: injected PLA was cooled to 60°C at 140 
bar, maintenance time was 20 s; 
 Crystallization from the glass: half of the sample is heated to 
105°C (gate or tip) while the other half remains at 60°C, 
crystallization time was 1000 s (crystallization half time at 105°C 
≈ 150 s). 
The whole process was carried out under a nitrogen atmosphere. 
 
 
2.2.3. Hydrolysis tests 
 
As mentioned above, for PLA, hydrolysis is the main mechanism of 
depolymerization and the controlling step of the biodegradation process 
in compost. Therefore, the rate of hydrolysis gives a direct indication of 
the rate of degradation during composting. In this work, to carry out 
hydrolysis tests, distilled water was used, whose pH value was about 6.5. 
These tests were performed at 58°C, the temperature adopted for 
biodegradation tests according to ASTM and ISO standards. Several 
samples of all the blends analysed have been put each one in a glass 
container filled up with distillated water; the ratio between the amount of 
water [ml] and the mass of the dried sample [g] was set at 800. In order to 
keep a constant temperature of 58°C during the hydrolysis test, a 
thermostatic bath with lid was used. After every 24 h of hydrolysis, the 
water of each sample was analysed by using a Crison pH-meter at 25°C. 
After the analysis of pH, the liquid was replaced by the same amount of 
fresh distilled water as before: the glass vessel was emptied using a 
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syringe, equipped with a needle having a diameter of 0.2 mm. At pre-
established times, all the samples in their vessels were dried under 
vacuum at 60°C for about 3 h and weighed. After these operations, one of 
the samples was kept dry for further analysis. At the end, the several 
vessels were put again into the thermostatic bath. The samples, for the 
whole of the hydrolysis test, never left their vessels, in order to avoid 
undesirable losses of the hydrolyzed material. The hydrolysis of all 
samples was carried out for about 60 days: after 60 days, some samples 
were reduced into very small fragments and their mass becomes very 
small, for this reason it becomes really difficult to carry out the analyses 
correctly. It is worth mentioning that, according to the literature (Gorrasi 
and Pantani, 2013a), the rate of hydrolysis at 58°C is about 3–4 orders of 
magnitude larger than that measured at room temperature. This means 
that 60 days at 58°C would provide indications concerning the behavior 
of the samples for several years at lower temperatures. 
 
 
2.2.3. Characterization of the samples  
Gel Permeation Chromatography (GPC) 
GPC analyses were performed in order to evaluate the evolution of 
molecular weight of the samples as hydrolysis proceeds. The equipment 
used to carry out the GPC was a high performance liquid chromatography 
(HPLC) Waters (Milford, MA, USA) equipped with an auto-sampler. The 
analysed samples, at different hydrolysis times, were dissolved in 
thetrahydrofuran (THF), with a ratio (sample mass/solvent) equal to 
about 1/1 [g/mol] at 50°C. The obtained solutions were then filtered by 
using a filter Chromafil PTFE 0.45 µm. 
 
Differential Scanning Calorimetry (DSC) 
DSC analyses were performed in order to evaluate the Evolution of the 
degree of crystallinity and of the glass transition temperature of the 
different samples subjected to hydrolysis. The tests were carried out by 
means of a DTA Mettler Toledo (DSC 822) (Columbus, OH, USA) under 
a nitrogen atmosphere. The samples, with a mass of about 5 mg, were 
subjected to the following thermal program: 
 Heating step from -10°C to 200°C at 10°C/min (first heating); 
 Isothermal step for 5 min at 200°C; 
 Cooling step from 200°C to -10°C at 10°C/min (cooling); 






Rheological tests (hydrolysis at high temperature analysis) 
In order to assess the significance of hydrolysis in the molten state, time 
sweep tests at constant frequency were performed. The rheological tests 
were carried out by a Haake Mars II, Thermo Fisher Scientific (Waltham, 
MA, USA), rotational rheometer in dynamic mode in parallel plates 
configuration under a nitrogen atmosphere. The rheological tests were 
performed at 200°C, with the stress set to 500 Pa and a frequency of 1 
rad/s, maintaining all values constant for 3 h. The materials, in order to 
evaluate the effect of the presence of water, were not dried before the 
tests. The rheological data will be reported in the plots versus the whole 
time at test temperature, including the time needed to set the gap. To 
perform the tests, a plate-plate geometry was used, the diameter of the 
plate used was 20 mm with a gap of 0.45 mm. 
 
 
Mechanical tests  
Penetration mechanical tests were carried out in order to evaluate the 
breaking strength of the samples as hydrolysis proceeds. The dynamic 
mechanical measurements were been carried out using the DMA 8000 
Perkin Elmer (Waltham, MA, USA). 
A tip with a diameter of 150 μm was used, with a maximum force of 7  N, 
with a speed of 0.2 N/min. The operating scheme of the apparatus is 




Figure 14. (a) Assembly for penetration test; (b) Scheme of the test. 
 
The sample was placed under the tip, the latter moving until contacting 
the sample, and further provoking deformations and eventually breaking  
when the sample was more fragile than the maximum allowed value of 7 
N (the instrumental limit). DMA processes the data and returns a graph of 
Materials and methods 
23 
 
the force according to the displacement of the tip. The data were 
subsequently processed in order to obtain a stress strain graph. For this 
purpose, a measurement was carried out in the absence of a sample in 
order to obtain the maximum displacement that the tip can perform. This 
value is useful in order to obtain the thickness of the sample, knowing the 













The experimental procedure can be divided into two steps:  
1. The first step is focused on the selection of materials; 
2. The second step treats the production and characterization of the 
samples obtained by micro-injection molding using the materials 
selected in the previous step. 
In this chapter the selection of the materials will be discussed. At first, 





interlayer anion) by studying the effect of adding it to the PLA. After 
that, the adding of the selected LDH intercalated with organic acid to 
PLA was studied, choosing at the end: the optimal percentage to add to 
the PLA and the best LDH-organic acid in order to protect the material 
from the process of hydrolysis. 
From the extruded materials, several films were obtained by compression 
molding. The samples (1 cm × 1 cm with a thickness of about 250 µm), 
subsequently submitted to the hydrolysis test, were cut from these films. 
This chapter will present the experimental results for the samples 
obtained by compression molding submitted to hydrolysis. 
 
 
3.1. Selection of the Benchmark LDHs 
In this part of the study, 4032D was used as the PLA matrix. Two 




 as interlayer 
anion.  
PLA was added to the LDHs by melt compounding, as explained in the 
previous chapter. The amount of LDHs used was 3% wt/wt. In this 
section, three different samples will be considered: 
 4032D 
 4032D + 3% (LDH-CO3)  
 4032D + 3% (LDH-NO3)  
These samples were subjected to the hydrolysis process. The 






3.1.1. Hydrolysis tests: experimental results 
Below are presented the experimental results of the hydrolysis process in 
the solid state at 58°C under the conditions mentioned in Chapter 2. 
 
Hydrolysis at high temperature (Rheological analysis) 
Figure 15 presents the results of the rheological analyses. The rheological 
tests were carried out in order to assess the significance of hydrolysis in 
the molten state. Time sweep tests were performed on 4032D and on 
4032D + 3% (LDH-NO3).  
 
 
Figure 15. Time evolution of the complex viscosity during rheological 
tests (unhydrolyzed PLA and PLA + LDH/nitrate ) 
 
From the data in this figure, we can see that all materials present a 
decrease in the viscosity over time, due to the hydrolysis and thermal 
degradation. However, the presence of LDH/nitrate promotes 
significantly the degradation rate in the molten state. This significantly 
limits the use of this filler in melt compounding. 
 
Weight loss 






Figure 16. Weight loss during hydrolysis (PLA and PLA + LDH/nitrate 
or carbonate) 
When H2O penetrates the polymer, hydrolytic degradation starts, 
converting this very long polymer chain into much shorter water-soluble 
fragments, a reverse polycondensation process. When these fragments 
leave the samples, a loss of weight of the samples is easily detected. From 
Figure 16 we can observe the effect on the resistance to hydrolysis 
process of adding LDH to pure PLA. The presence in PLA of LDH-CO3 
decreases the stability of the material with respect to hydrolysis. Using 
LDH-NO3 as filler, instead, makes PLA more resistant to hydrolysis 
process up to 45 days, after that there is no significant difference between 
the pure PLA and PLA + 3% (LDH-NO3). 
 
 
Calorimetric analysis (DSC) 
 
In Figure 17 we can see the evolution of the degree of crystallinity as a 






Figure 17. Evolution of degree of crystallinity during hydrolysis (PLA 
and PLA + LDH/nitrate or carbonate) 
 
The degree of crystallinity was calculated from the thermograms obtained 
during the first heating scan according to the formula 





in which δQ/δt is the heat flow measured by the calorimeter, ΔH is the 
integral of the heat flow after the subtracting the baseline, and ΔH∞ is the 
latent heat of crystallization of a fully crystalline PLA, which can be 
found in the literature to be 93 J/g (Fischer et al., 1973). 
The degree of crystallinity (Xc) increases on increasing the hydrolysis 
time. These degrees of crystallinity are very high if compared with the 
maximum value reachable by the same materials as a consequence of 
thermal treatments (less than 45%). This can be partly due to the erosion 
of the amorphous segments, but is evidently due to a crystallization of the 
amorphous phase, since most of the samples were amorphous at the 
beginning of the test. 
As mentioned above, Xc increases for all the samples. There are however 
some differences between the samples. Indeed, up to 40 days, 4032D + 
3% (LDH-CO3) exhibits a higher Xc than the other two samples, probably 
indicative of a stronger hydrolysis occurring in that case, and in 




value of Xc is measured for 4032D + 3% (LDH-NO3), which presents a 
relatively better resistance to hydrolysis. Table 2 presents the evolution of 
the glass transition temperature (Tg) and melting temperature peak (Tm) 
during the hydrolysis. 
 
Table 2. Summary of DSC results: Tg was measured during 2nd heating 
scan, the reported Tm refers to the highest-temperature peak of the 
melting endotherm during 1
st
 heating ramp (PLA and PLA + LDH) 
  
Sample  Days of 
Hydrolysis 
    
  0 5 14 21 48 
       










































From the temperatures reported in Table 2, we can see that both Tg and 
Tm decrease for all the samples with the progression of the hydrolysis: 
their values remain higher for 4032D + 3% (LDH-NO3). 
The DSC results show that the presence of 3% (LDH-NO3) as filler of 
PLA preserves the samples from hydrolysis. The thermograms of all the 
analysed samples are given in the Appendix. 
 
 
Gel Permeation Chromatography (GPC) 
GPC analyses were performed on 4032D and on 4032D + 3% (LDH-
NO3); we no longer considered 4032D + 3% (LDH-CO3): previous 
analyses have shown how using (LDH-CO3) as filler accelerates the 
hydrolysis of PLA.  
In order to evaluate any degradation phenomena of the extrusion process 
on the PLA, GPC analyses were performed on the unnhydrolyzed 
extruded PLA and PLA pellets. The average molecular weight of pure 
PLA after extrusion (Mn = 70 KDa; Mw =102 KDa) is very similar to that 





the extrusion process induces only a negligible degradation of the pure 
PLA. 
Figure 18 shows the molecular weight distribution curves of the sample 















Figure 18. Evolution of molecular weight distribution during hydrolysis 
(PLA and PLA + 3% LDH-NO3) for different hydrolysis times: a) 0 days; 
b) 5 days; c) 14 days; d) 21 days. 
 
From the figure above, it can be seen that the curves for both materials 
are shifted towards smaller molecular weights with ongoing hydrolysis. 
In particular, the molecular weight distribution curves for the PLA loaded 
with LDH are, for the first 5 days, characterized by lower molecular 
weights than those for the pure PLA; this is probably due to a degradation 
in the molten state during processing. From day 14 onwards, the 





shifted toward smaller molecular weights but more slowly than that of 
pure PLA. In fact, the molecular weight distribution curve of the PLA is 
located at lower values than that of the PLA with LDH. The data confirm 
that LDH platelets protect PLA from hydrolysis. 
 
 
Figure 19. Evolution of weight average molecular weight (Mw) during 
hydrolysis (PLA and PLA + 3% LDH-NO3) 
 
 
Figure 20. Evolution of number average molecular weight (Mn) 





The above figures present the evolution of Mw [Da] and Mn [Da] of the 
two samples as functions of the hydrolysis time (days). As a consequence 
of the hydrolytic process, the polymeric chains undergo a breakdown, and 
so the molecular weight decreases. The PDI index shows very little 
change with hydrolysis time.  In fact, the data shown in Figure 19 and 
Figure 20 are very similar to each other. The values of Mn and Mw are 
higher for 4032D + 3% (LDH-NO3) than for pure PLA: therefore, the 
presence of LDH-NO3 as filler really protects PLA from hydrolysis. 
 
Observing the results of the different analyses carried out, we can say that 
LDH-NO3, used as a filler in PLA, makes it more resistant to the 
hydrolysis process in the solid state. 
 
3.2. Optimization of the percentage of (LDHs + organic) 
In the previous paragraph we could see how the addition of LDH-NO3 is 
able to preserve the PLA from the degradation linked to hydrolysis.  
Since the kinetics of hydrolysis strongly depend on the pH of the medium 
in which the process takes place, we can look for a filler able to control 
the pH of the water when it diffuses inside the PLA. We can consider 
organic acids as fillers to be bio- and eco-friendly additives. In order to 
control the release of these molecules in the water diffused in the PLA, 
they have been intercalated in LDH-NO3. At this point of the 
experimental work, in order to verify the efficacy of using LDH 
intercalated with organic acid and to optimize its quantity, two organic 
acids were considered (succinic and fumaric acids) at three different 
percentages (1%; 3%; 5% wt/wt). 
Six new samples were analysed: 
 4032D + 1% (LDH-succ) 
 4032D + 3% (LDH-succ) 
 4032D + 5% (LDH-succ) 
 4032D + 1% (LDH-fum) 
 4032D + 3% (LDH-fum) 
 4032D + 5% (LDH-fum) 
 
 
3.2.1. Hydrolysis tests: experimental results 
The experimental results for the hydrolysis process in the solid state at 










Figure 21. Weight loss during hydrolysis (PLA and PLA + LDH-
succinic acid for different percentages wt/wt) 
 
 
Figure 22. Weight loss during hydrolysis (PLA and PLA + LDH-




In the above figures we can see that there is an effect due to the presence 
of LDH-organic acid, an effect not always protective against hydrolysis. 
The protective effect against hydrolysis is not proportional to the amount 
of filler for either acid: 1% LDH-organic acid seems to have a weak 
effect; 3% LDH-organic acid has a strong protective effect against 
hydrolysis; 5% LDH-organic acid worsens the resistance of the material, 
causing it to degrade faster than pure PLA. 
 
Calorimetric analysis (DSC) 
In Figure 23 and in Figure 24 we can see the evolution  of the degree of 
crystallinity as a function of the hydrolysis time. 
 
 
Figure 23. Evolution of degree of crystallinity during hydrolysis (PLA 







Figure 24. Evolution of degree of crystallinity during hydrolysis (PLA 
and PLA + LDH-fumaric acid for different percentages wt/wt) 
 
The data shown above confirm what we have observed for the weight 
loss: Xc increases for all the samples, but for 4032D + 3% LDH-organic 
acid, the values of Xc are smaller than its values for the other samples, in 
particular from 20 days onwards. What we observe can be ascribed to the 
degradation in the molten state (during the extrusion process): the 
presence of LDH enhances significantly the degradation. 
 
 
3.3. LDH-organic acid selection 
In the previous paragraph the optimal percentage of LDH-organic acid, in 
order to protect PLA from hydrolysis process, has been chosen: 3%  
LDH-organic acid wt/wt. In this paragraph, the best LDH-organic acids 
in order to protect the material from the process of hydrolysis will be 
researched.  
Three different organic acids have been taken into consideration: succinic 
acid, fumaric acid and ascorbic acid; all of them were intercalated into the 
LDH. Three different samples were analysed: 
 4032D + 3% LDH-succinic acid (4032D + 3% LDH-succ) 
 4032D + 3% LDH-fumaric acid (4032D + 3% LDH-fum) 






3.3.1. Hydrolysis tests: experimental results 
Below are reported the experimental results of hydrolysis process in the 
solid state at 58°C under the conditions mentioned in Chapter 2: 
 
Hydrolysis at high temperature (Rheological analysis) 
Figure 25 shows the results of the rheological analyses. The rheological 
tests were carried out in order to assess the significance of hydrolysis in 
the molten state. Time sweep tests were performed on 4032D and on 




Figure 25. Time evolution of the complex viscosity during rheological 
tests of unhydrolyzed samples (PLA and PLA + 3% LDH-organic acids) 
 
From the data reported above, we can see that all materials present a 
decrease of viscosity during time, due to the hydrolysis and thermal 
degradation. 
The presence of LDH enhances significantly the degradation. On 
intercalating the LDH with the acids, however, an increase in viscosity is 
observed compared to the case of pure LDH used as filler. From the 
experimental data we can see that, during time sweep tests, the viscosity 
of PLA + LDH-succinic acid and PLA + LDH-fumaric acid decreases 
more slowly than the other samples. Using LDH-succinic acid and LDH-







In the figure below, the evolution of the sample mass is reported: for all 
the samples, a reduction of residual mass is observed, due to hydrolysis. 
 
 
Figure 26. Weight loss during hydrolysis (PLA and PLA + 3% LDH-
organic acid) 
 
From Figure 26 we can see how the presence of 3% of LDH-organic acid 
can protect PLA from the hydrolysis process, in particular this is even 
better exemplified with LDH-succ, which presents the best relative 
positive effect: the time corresponding to a weight loss of 10%, t10%, is 
about 50 days compared to t10% for PLA of 35 days. In summary, for the 
same residual mass, the time increases by about 40%. 
 
Calorimetric analysis (DSC) 
Figure 27 shows the evolution of the degree of crystallinity (Xc) as a 






Figure 27. Evolution of degree of crystallinity during hydrolysis (PLA 
and PLA + 3% LDH-organic acid) 
 
In Figure 27 the different curves have a similar trend up to about 15 days, 
then the Xc of pure PLA increases rapidly while Xc of PLA + 3%  LDH-
organic filler increases more steadily, with a lower slope in the case of 
PLA + 3% LDH-succ. 
 
Table 3. Summary of DSC results: Tg was measured during 2nd heating 
scan, the reported Tm refers to the highest-temperature peak of the 
melting endotherm during 1
st
 heating ramp (PLA and PLA + 3% LDH-
organic acid). 
Sample  Days of 
Hydrolysis 
    
  0 5 14 21 48 



























































As the hydrolysis proceeds, the polymer chains break down and become 
shorter. Accordingly, the glass transition temperature (Tg) and the highest 
temperature peak of the melting during the 1
st
 heating become smaller 
and smaller as the hydrolysis proceeds. From the data reported in Table 3, 
it is clear that Tg and Tm decrease for all the samples. However, for the 
sample with 3% LDH-organic acid, this decrease is less pronounced than 
for pure PLA, and this happens in particular for PLA + 3% LDH-succ. 
The results of the DSC analysis confirm what is observed from the 
weight loss analysis. 
 
 
Gel Permeation Chromatography (GPC) 
The molecular weight distribution curves of the sample analysed by GPC 














Figure 28. Evolution of molecular weight distribution during hydrolysis 
(PLA and PLA + 3% LDH-organic acid) at different hydrolysis times: a) 






From Figure 28 it is possible to see that the molecular weight distribution 
curves are shifted towards lower molecular weights as hydrolysis 
proceeds. In particular a change of shape over time is observed, passing 
from a unimodal to a multimodal distribution. This is probably due to the 
fact that the hydrolysis proceeds for all the polymer chains, but the 
presence of crystals causes a slowing of the hydrolysis with respect to 
what happens in the amorphous phase, thus leading to the formation of 
more peaks discriminated by their molecular weight distribution curve. 
We can observe no differences between the different samples after 14 
days, but from 21 days onwards, the molecular weight distribution curves 
of samples with 3% LDH-organic acid remain at higher molecular 





Figure 29. Evolution of weight average molecular weight (Mw) during 







Figure 30. Evolution of number average molecular weight (Mn) during 
hydrolysis (PLA and PLA + 3% LDH-organic acids) 
 
In Figure 29 and in Figure 30 the evolution of the weight average 
molecular weight (Mw) and of the number average molecular weight 
(Mn) are reported. As we have observed before, for all samples the 
molecular weights decrease, but all samples with 3% LDH-organic acids 
maintain higher molecular weight with respect to neat PLA. Furthermore, 
we can see that the data for the Mn and Mw reported in Figure 29 and in 
Figure 30 are very similar for both parameters, meaning that the PDI 
index remains quite unchanged. 
We will briefly recall the mechanism of the hydrolysis reaction. The 




The kinetics of hydrolysis can be described by an autocatalytic 






Here, CC is the concentration of the carboxylic end-groups and CE is the 
ester concentration. 
Both CC and CE can be related to the molecular weight as follows (Partini 












In these equations, ρ is the density of the polymer sample (about 1210 
g/m
3
) and DP is the average degree of polymerization, defined as the ratio 
Mn/M (M is the molecular weight of the repeating unit, equal to 72 g/mol 
in our case). Equation (3) takes into account the number of ester links in 
the monomer unit in the case of the polyesters studied in this work. 
After substituting equation (3) and equation (4) into equation (2) and 










Here, k’ can be considered as the kinetic constant of the hydrolysis 
process, calculated from the time dependence of the number of average 
molecular mass of the sample. 








Figure 31. Evolution of ln(Mn-M) during hydrolysis (PLA and PLA + 
3% LDH-organic acids) 
 
 
The data of each sample in the figure above show an approximately linear 
trend (the coefficients of reliability reported in Table 4 are quite close to 
1). The slope of the lines constitutes the value of the kinetic constant, k’. 
A linear dependence on time means that a unique value of k’ is 
extrapolated for each system. Since the kinetic constant of hydrolysis 
depends on the pH of the medium, a single k’ value indicates that the pH 
is mostly constant in time. Correlatively, any irregularity in the slope is 
indicative of a slight change in k’ and so also of the pH (as observed for 
PLA after 20 days). Remarkably, a quasi-constant k’ is observed for PLA 
LDH composites, most probably due to the controlled release of the 
organic acids intercalated in the LDH. Table 4 shows all the values of k’ 
and the coefficients of determination. 
 







4032D 0.0765 0.9628 
4032D + 3% LDH-succ 0.0503 0.9591 
4032D + 3% LDH-fum 0.0543 0.9871 





The kinetic constant of PLA + 3% LDH-organic acid is lower than that of 
the neat PLA, and among the PLA LDH composites, 4032D +  3% LDH-
succ has the lowest value, as well as being the sample more resistant to 
hydrolysis, thus confirming the GPC analysis (Figure 28). 
 
 
Deconvolution of MWD curves 
 
It has been reported in the literature that when the MWD (molecular 
weight distribution) curves present a multimodal behavior, it is 
appropriate to carry out a deconvolution of the curves in order to perform 
an analysis of the kinetics. 
In this work, the deconvolution was carried out by considering a log-













and Mw and Mn are the weight and number average molecular weight of 
the curve, respectively. 
An example of the deconvolution is shown in Figure 32 with reference to 
the results of MWD of 4032D at two times of hydrolysis (namely, 0 days 






Figure 32. Deconvolution of the MWD of 4032D at 0 and 41 days 
 
It can be seen that even at the starting time, the curve needs to be 
described by two peaks, indicating that a bimodality is present in the 
sample at the very beginning. After some days, a third peak is needed, 
which is a clue to the presence of another population of macromolecules. 
In Figure 33, the result of the deconvolution analysis is reported. In 
particular, the evolution over time of the number average molecular 
weight of the several peaks is reported, together with the Mn calculated 
from the overall curve (without deconvolution) and used in the previous 






Figure 33. Time evolution of Mn calculated from the overall curve (no 
deconvolution) and from the peaks resulting from deconvolution. A circle 
identifies the peak with the largest area among those which describe the 
curve at each time of hydrolysis. 
 
It can be seen that all the lines decrease with time with about the same 
slope on the semi-log plot. This means that a more accurate analysis of 
the kinetics of hydrolysis, based on the evolution of each peak rather than 
the overall curve as done above, would provide about the same results.  
The same analysis was conducted also for 4032D + 3% (LDH-succinic 






Figure 34. 4032D + 3% (LDH-succinic acid). Time evolution of Mn 
calculated from the overall curve (no deconvolution) and from the peaks 
resulting from deconvolution. A circle identifies the peak with the largest 
area among those which describe the curve at each time of hydrolysis. 
 
In Figure 35, with reference to 4032D and 4032D + 3% (LDH-succinic 
acid), the time evolution of the Mn calculated considering only the peak 






Figure 35. Time evolution of Mn calculated using only the peak with the 
largest area among those which describe the curve at each time of 
hydrolysis. 
 
It is evident that for each sample, the slope of the curves on a semi-log 
plot is about the same, and thus also the kinetic constant would be about 
the same whether calculated using the deconvolution technique or using 
the overall curves. 
 
Mechanical tests 
Mechanical test were performed on the hydrolyzed samples: a penetration 
test, in order to evaluate if the samples more resistant to hydrolysis 






Figure 36. Evolution of force at break during hydrolysis (PLA and PLA 
+ 3% LDH-organic acids) 
 
 
Figure 37. Evolution of modulus during hydrolysis (PLA and PLA + 3% 
LDH-organic acids) 
From Figure 36 we can see that up to about 15 days, where the force is 
near 7 N, there is no fracture for any sample. After 21 days, the samples 
begin to break at decreasing mechanical stresses as the hydrolysis 
proceeds. For the 4032D + 3% LDH-organic acid, the force at break is 





this sample, the same reduction of force at break is found at times more 
than 30% longer with respect to pure PLA.  
As hydrolysis time increases, we can see from Figure 37 a decrease in the 
modulus of the sample. For the 4032D + 3% LDH-organic acid, the 
modulus values are higher than that of neat PLA, once again in particular 
for 4032 + 3% LDH-succ.  
This mechanical analysis confirms our previous analysis. Indeed, a 
dispersion of 3% LDH-organic acid greatly delays the effects of 
hydrolysis on the PLA; the sample that is the most resistant to hydrolysis 
is that with the composition filler LDH-succ. 
 
 
Visual analysis of hydrolyzed samples 
It is interesting to note that all the previous analyses are somehow in 
agreement from a macroscopic point of view.  
 
Figure 38 displays the photographs of the samples hydrolyzed for 

















Figure 38. Images of hydrolyzed samples (PLA and PLA + 3% LDH-





The protective effect of the addition of 3% LDH-organic acids to PLA 
against hydrolysis is clearly visible. After 42 days, the sample remains 
intact for PLA composites with LDH-fum and -succ, this is even more 
pronounced after 56 days, a time when the PLA has entirely broken 
down. 
 
Evolution of the pH 
As the hydrolysis proceeded, the pH of the solution in which the PLA 
samples are hydrolyzed was measured. Here there were considered PLA 
+ 3% LDH-succinc acid (the most resistant sample to the hydrolysis 
process) and pure PLA. Figure 39 shows the evolution of the quantity of 
H
+ 
ions released from the pure PLA as well as from the PLA + 3% LDH-
succinic acid samples during the hydrolysis. The experimental data were 
normalized with respect to the initial mass of the sample (about 0.05 g): 
pure PLA and the PLA loaded with the selected filler are compared. The 
quantity of H
+ 
ions released during the hydrolysis has been calculated 









Figure 39. Evolution of H+ released during hydrolysis (PLA and PLA + 




The curves shown in Figure 39 are cumulative curves: at all times taking 
into account what happened in the previous days. From Figure 39 we can 
see for the first 15 days that there were more ions released by the pure 
PLA than released by the loaded PLA. After that, there are no substantial 
differences between the two samples, up to about 30 days. From that 
point on, the same trend occurs as in the first 15 days but more 
accentuated. This further confirms the effectiveness of 3% LDH-succinic 
acid in protecting PLA from hydrolysis. 
 
 
3.4. PLA loaded with pure organic acids: a faster degradation 
In order to analyse the effect on the hydrolysis process of the organic 
acids taken into consideration added as filler alone into PLA, new 
samples have been tested:  
 4032D + 1% succinic acid (4032D + 1% succ) 
 4032D + 1% fumaric acid (4032D + 1% fum) 
 4032D + 1% ascorbic acid (4032D + 1% asc) 
The percentages reported above are wt/wt: 1% organic acids corresponds 
to about the same quantity of organic acid intercalated in 3% (LDH-
organic acids). 
 
3.4.1. Hydrolysis tests: experimental results 
Below are reported the experimental results of hydrolysis process in the 
solid state at 58°C under the conditions mentioned in Chapter 2: 
 
Weight loss 
In the figure below the evolution of the sample mass is reported: for all 








Figure 40. Weight loss during hydrolysis (PLA and PLA + 1% organic 
acid) 
 
In Figure 40 it is evident how the presence of organic acid alone used as 
fillers makes the PLA less resistant to the hydrolysis process: the weight 
loss of the PLA + 1% organic acids, at every point of time in the process 
of the hydrolysis, is higher than that for the neat PLA.  
 
Calorimetric analysis (DSC) 
 
Below are reported the results of DSC analysis. As we have seen before,  






Figure 41. Evolution of degree of crystallinity during hydrolysis (PLA 
and PLA + 1% organic acid) 
 
In Figure 41 the DSC data show that the degree of crystallinity of the 
samples loaded with only acid increases more rapidly than that of pure 
PLA. This difference is evident up to about 20 days. After 20 days, there 
are no evident differences in the degree of crystallinity of the samples. 
The temperatures of the different samples (Tg and Tm) reported in Table 
5 confirm that the presence of organic acids in PLA induces a faster 
degradation: these temperatures are, in fact, smaller for the samples with 
acids than the ones for PLA; this difference is particularly evident after 
21 days of hydrolysis. At the end of the hydrolysis tests, no difference 


















Table 5. Summary of DSC results: Tg was measured during 2
nd
 heating 
scan, the reported Tm refers to the highest-temperature peak of the 
melting endotherm during 1
st
 heating ramp (PLA and PLA + 1% organic 
acid). 
 
Sample  Days of 
Hydrolysis 
    
  0 5 14 21 48 



















































Gel Permeation Chromatography (GPC) 
Below are reported the molecular weight distribution curves of the 
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         e)     
Figure 42. Evolution of molecular weight distribution during hydrolysis 
(PLA and PLA + 1% organic acid) at different hydrolysis times: a) 0 
days; b) 5 days; c) 14 days; d) 21 days; e) 35 days 
 
From Figure 42 it is possible to see how the molecular weight distribution 
curves, of all the samples, move towards lower molecular weights as the 
hydrolysis proceeds. As we observed in the previous paragraph, their 
shape changes over time: they become bimodal although previously they 
were unimodal. We can observe some small differences between the 
different samples up to 5 days: the curves related to PLA + 1% organic 
acid are, already at the beginning of the hydrolysis, shifted to lower 
molecular weights. This particular phenomenon is probably due to the 
fact that the addition of acids to the PLA induces a partial degradation in 
the molten state at the stage of the extrusion of the materials, more 
markedly than  for the addition of LDH-organic acids.  
Up to 5 days, all the curves have a unimodal distribution. From 14 days 
onwards, the molecular weight distribution curves of samples with 1% 
organic acid as filler are at lower molecular weights with respect to pure 
PLA. At 14 days of hydrolysis, the curves of samples loaded with organic 
acids have already a bimodal distribution while the curve of neat PLA 
still has a unimodal distribution: this could indicate that the crystalline 
fraction present in PLA + organic acid is large enough to slow the 
hydrolytic process. Up to 21 days of hydrolysis, the curve of neat PLA is 
at higher values of molecular weight with respect to the samples loaded 






Figure 43. Evolution of weight average molecular weight (Mw) during 
hydrolysis (PLA and PLA + 1% organic acids) 
 
 
Figure 44. Evolution of number average molecular weight (Mn) during 
hydrolysis (PLA and PLA + 1% organic acids) 
 
In Figure 43 and Figure 44 the evolution of the weight average molecular 
weight (Mw) and of the number average molecular weight (Mn) are 
reported. As we have observed before, for all samples the molecular 





lower molecular weight with respect to neat PLA with increasing 
hydrolysis. Furthermore we can see that the data are very similar for both 




Figure 45. Evolution of ln(Mn-M) during hydrolysis (PLA and PLA + 1% 
organic acids) 
 
The data of each sample in the figure above, as we have observed in the 
previous paragraph, have an approximately linear trend: the slope of the 
lines represents the value of the kinetic constant. 
Table 6 shows all the values of k’ and the coefficients of determination. 
 







4032D 0.0765 0.9628 
4032D + 1%-succ 0.0732 0.9425 
4032D + 1%-fum 0.0789 0.9624 
4032D + 1%-asc 0.0776 0.9796 
 
The kinetic constants of all the samples are quite the same: 4032D + 1%-
fum and  4032D + 1%-asc have slightly higher values than that of the 
neat PLA. The samples loaded with acids alone are less resistant  to 







Mechanical tests were performed on the hydrolyzed samples: a 
penetration test, in order to evaluate if the samples more resistant to 




Figure 46. Evolution of force at break during hydrolysis (PLA and PLA 
+ 1% organic acids) 
 
From Figure 46 we can observe that up to about 5 days, where the forces  
are near 7 N, there is no fracture in any sample. After 5 days, the samples 
loaded with acids begin to break at decreasing mechanical stresses as the 
hydrolysis proceeds, while the neat PLA still resists the applied force. 







Figure 47. Evolution of modulus during hydrolysis (PLA and PLA + 1% 
organic acids) 
 
As the time of hydrolysis increases, we can see from Figure 47 that there 
is a decrease in the modulus of the sample. There are no longer any 
differences between the curves. 
This mechanical analysis confirms what we observed in previous 
analyses: adding 1% organic acid to PLA makes it more sensitive to the 




Images of hydrolyzed samples 
What has been observed from the analyses carried out is also evident 
from a macroscopic point of view. Figure 48 presents photos of the 









Figure 48. Images of hydrolyzed samples (4032D and 4032D + 1% 






These photos show clearly the effect of the addition of 1% organic acids 
to the PLA: all the samples are broken after 42 days of hydrolysis, but the 
pure PLA has bigger pieces of the sample than do the samples of PLA + 
1% organic acid.  This difference is still evident after 56 days, at the end 
of the hydrolysis tests. 
 
 
3.5. Effect of LDH-organic acids against hydrolysis on an 
amorphous grade of PLA (4060D) 
 
In the previous paragraph, analysing the experimental data, we found that 
is possible to protect the PLA from the hydrolysis process using LDH 
intercalated with organic acids as fillers.  
LDH + succinic acid (at 3% wt/wt) was chosen as the best additive for 
slowing down hydrolysis. In order to test the effectiveness of this filler 
even with a type of PLA more sensitive to hydrolysis, a different type of 
PLA was employed: 4060D, completely amorphous after solidification 
from the molten state. In addition to the LDH + succinic, for comparison, 
another already tested additive was chosen: LDH + ascorbic acid (3% 
wt/wt). 
In this section, the tested sample are: 
 4060D 
 4060D + 3% LDH-succinic acid (4060D + 3% LDH-succ) 
 4060D + 3% LDH-ascorbic acid (4060D + 3% LDH-asc) 
 
Weight loss 
In the figure below the evolution of the sample mass is reported: for all 










Figure 49. Weight loss during hydrolysis (4060D and 4060D + 3% 
LDH- organic acid) 
Comparing Figure 49 and Figure 26 it is possible to see the difference in 
weight loss between the samples based on 4032D and on 4060D: the 
same weight loss of about 30% observed for 4060D after 15 days of 
hydrolysis is observed for 4032D at about 56 days, the end of the 
hydrolysis tests. It is however important to observe that for both types of 
PLA the introduction of LDH intercalated with organic acids allows 
limiting the weight decrease due to degradation: in the case of 4060D, 
using 3% LDH-organic acids, we have a reduction in weight loss of about 
30% at 42 days. In particular, the additive which seems to better preserve 
4060D from the phenomenon of hydrolysis is succinic acid intercalated in 
LDH, as already previously observed for 4032D. 
 
 
Calorimetric analysis (DSC) 
 
Below are reported the results of DSC analysis. As we have seen before,  










Figure 50. Evolution of degree of crystallinity  during hydrolysis 
(4060D and 4060D + 3% LDH-organic acid) 
In Figure 50 the DSC data show that the degree of crystallinity of pure 
4060D and of 4060D + 3% LDH-organic acid samples has quite the same 
value up to about 20 days. After 20 days there is a difference in the 
degree of crystallinity of the samples: 4060D is more crystalline than the 
4060D loaded with LDH-organic acid. 
The values of Tg and Tm of the different samples reported in Table 7.  
 
Table 7. Summary of DSC results: Tg was measured during 2
nd
 heating 
scan, the reported Tm refers to the highest-temperature peak of the 
melting endotherm during 1
st
 heating ramp (4060D and 4060D + 3%  
LDH-organic acid). 
Sample  Days of 
Hydrolysis 
    
  0 5 14 21 48 














































Table 7 show that there is a small effect in slowing down hydrolysis: The 
values of Tg of the different sample are quite the same as the hydrolysis 
proceeds, but the values of Tm of the loaded samples are a little higher 
than those of the neat 4060D ones, in particular at 5 and 14 days.  
 
Gel Permeation Chromatography (GPC) 
The GPC analyses reported were carried out for samples hydrolyzed for 
up to 21 days. The samples hydrolyzed for longer times were not able to 
be analysed by GPC because, as we will see in the following graphs, the 
molecular weight became too small to be able to distinguish the GPC 
curve of the sample from the one of the solvent used to conduct the test.  
Below are reported the molecular weight distribution curves of the 
























Figure 51. Evolution of molecular weight distribution during hydrolysis 
(4060D and 4060D + 3% LDH-organic acid) at different hydrolysis 
times: a) 0 days; b) 5 days; c) 14 days; d) 21 days. 
 
From Figure 51 we can see that the molecular weight distribution curves, 
of all the samples, move towards lower molecular weights as the 
hydrolysis proceeds. As we observed in the previous paragraph, their 
shape changes over time: they change to bimodal from unimodal. We can 
see only a little difference between the different samples up to 5 days: the 
curves related to 4060D + 3% LDH-organic acid, already at the 
beginning of the hydrolysis, are shifted to lower molecular weights. This 
particular phenomenon is probably due to the fact that the addition of 
LDH-acids to the PLA induces a partial degradation in the molten state at 
the stage of the extrusion of the materials that is more marked than occurs 
with the addition of LDH-organic acid to 4032D.  
Up to 5 days all the curves have a unimodal distribution. From 14 days 
onwards we can observe bimodal curves, the molecular weight 
distribution curves of 4060D at lower molecular weights with respect to 
4060D+LDH-organic acid; in a more evident way, the observed trend is 
also present at 21 days of hydrolysis. 
In Figure 52 and Figure 53 the evolution of the weight average molecular 







Figure 52. Evolution of weight average molecular weight (Mw) during 





Figure 53. Evolution of number average molecular weight (Mn) during 
hydrolysis (4060D and 4060D + 3% LDH-organic acids) 
As we have observed before, for all samples the molecular weights 




between the molecular weights of the samples: the molecular weights of 
the loaded 4060D are lower than that of the pure 4060D. As said before, 
this phenomenon is probably due to the fact that the addition of LDH-
organic acid to the PLA induces a partial degradation in the molten state 
at the stage of the extrusion of the materials. The molecular weights of 
different samples decrease differently: the molecular weight of 4060D 
decreases more quickly, so we can see a protective effect of LDH-organic 
acid on 4060D against hydrolysis. 
 Furthermore we can see that the data reported in Figure 52 and Figure 53 
are very similar for both parameters, so we can say that the PDI index 




Figure 54. Evolution of ln(Mn-M) during hydrolysis (4060D and 4060D 
+ 3% LDH-organic acids) 
 
The data of each sample in the figure above, as we have observed in the 
previous paragraph, have an approximately linear trend: the slope of the 
lines represents the value of the kinetic constant. 


















4060D 0.1386 0.9761 
4060D + 3% LDH-succ 0.1199 0.9753 
4060D + 3% LDH-asc 0.1217 0.9989 
 
 
The kinetic constant of 4060D + 3% LDH-organic acid is lower than that 
of the neat 4060D; 4060D + 3% LDH-succ has the lowest value. The 
most resistant to hydrolysis is 4060D + 3% LDH-succ, thus the GPC 




Mechanical test were performed on the hydrolyzed samples: a penetration 
test, in order to evaluate if the samples more resistant to hydrolysis 




Figure 55. Evolution of force at break during hydrolysis (4060D and 





Figure 56. Evolution of modulus during hydrolysis (4060D and 4060D + 
3% LDH-organic acids) 
From Figure 55 we can observe that there is no break only in the 
unhydrolyzed samples, where the force is near to 7 N. After 5 days, all 
the samples begin to break at decreasing mechanical stresses as the 
hydrolysis proceeds. At 5 days, the force at break of pure 4060D is higher 
than the ones of 4060 + 3% LDH-acids, which we observed could be 
ascribed to the fact that the addition of LDH-organic acid to the PLA 
induces a partial degradation in the molten state at the stage of the 
extrusion of the materials. After 14 days it was no longer possible to 
carry out mechanical tests on the pure 4060D because the sample was 
pulverized. 
As the  hydrolysis progresses, we can see from Figure 56 a decrease in 
the modulus of the sample. In this figure we can observe the same as in 
the previous figure:  a higher value of the modulus for the pure 4060D. 
This mechanical analysis confirms what we observed in previous 
analyses: adding 3% LDH-organic acid to 4060 makes it a little bit more 
sensitive to the hydrolysis. 4060D, similar to what was observed for 
4032D, loaded with 3% LDH-organic acid has a little bit slower  
degradation than pure 4060D. 
 
 
Images of hydrolyzed samples 
What has been observed from the analyses carried out is also evident 
from a macroscopic point of view. Figure 57 presents photos of the 












Figure 57. Images of hydrolyzed samples (4060D and 4060D + 3% 
LDH- organic acids); hydrolyzed for: a) 14 days; b) 21 days; c) 28 days; 





From the above photos we can see that there is no difference up to 21 
days. At 28 days the effect of the addition of 3% LDH-acids organic to 
PLA is clear: loaded samples are broken, as is the pure 4060D, but their 
pieces are bigger than those for the pure 4060D. This difference is still 
evident after 42 days, at the end of the hydrolysis tests. 
 The selected filler, the filler that most protects PLA (both 4032D and 












The ultimate aim of this experimental work was to produce samples of 
PLA by micro-injection molding: samples in which it is possible to 
realize a degradation profile due to the presence of two different 
morphologies within the same sample (half amorphous and half 
crystalline). In order to control this degradation profile, injected samples 
were obtained from PLA loaded with LDH-succinic. 
In this chapter there will be discussed the production and characterization 
of samples obtained by micro-injection molding using the material 
selected in the previous chapter: 3% LDH + succinic acid as filler of PLA 
(4032D).  
Several biphasic samples were obtained by micro-injection molding from 
the extruded materials. The samples (1 cm × 0.4 cm with a thickness of 
about 250 µm), were subsequently submitted to the hydrolysis test.  
This chapter will present the experimental results pertaining to the 





4.1. Biphasic samples from micro-injection molding 
In conventional injection molding, the mold is controlled by a continuous 
cooling method, by which the melt polymer and the mold are cooled. 
This cooling method causes a sudden polymer solidification near the 
surface of the mold, leading to a reduction of the section open to flow and 
so to a decrease of the ability of the polymer melt to fill the cavity. This 
problem is very significant in micro-injection molding. In order to solve 
this problem, in this experimental work a new dynamic mold temperature 
control system for rapid heating and cooling of the mold was used, as 
explained in Chapter 2. 
The local temperature of the surface of the mold has been controlled by 
an ad-hoc software application based on Labview, in order to produce the 
biphasic micro-injected samples. 
The temperature control developed allows raising the temperature by 






Figure 58. Example of local heating speed of the mold 
 
The temperature control developed allows adjusting the temperature at 
two different points of the mold cavity due to the use of two resistors 
inserted in correspondence in the two different areas of the cavity. In this 
way it is possible to produce biphasic micro-injected samples. 
The cavity temperature has been optimized: the length of the sample 










Figure 60. Injected samples produced at different cavity temperatures 
 
 





Figure 61. Schematization of the production of injected biphasic samples 
(amorphous in the tip and crystalline in the gate) 
 
The parameters used in the production of the injected biphasic samples 
are: 
 Injection pressure = 150 bar 
 Injection temperature = 220°C 
 Post filling pressure = 140 bar 
 Cavity temperature = 160°C 
 T of crystallization from the glass = 105°C 
 Time of crystallization = 1000 s (crystallization half time at 
105°C ≈ 150 s). 
The molten PLA fills the cavity (injection time is about 20 s), the 
material is then cooled (from about 160°C to about 50°C in 15 s). The 





chosen zone (tip or gate), in this case the crystalline zone is the gate. 
Figure 62 shows the temperatures in the different steps and in the 
different zones of the sample. 
 
 
Figure 62. Temperatures during filling and post filling steps 
 
In Figure 63 we can observe the micro-injected biphasic sample: the 
crystalline gate (opaque zone) and the amorphous tip (transparent zone) 
are evident. 
       
 
 
Figure 63. Micro-injected biphasic PLA sample (amorphous tip, 
crystalline gate) 
In order to evaluate the morphology of the biphasic PLA sample, DSC 





Figure 64. DSC analysis of micro-injected biphasic PLA sample 




From the results of the DSC analysis, reported in Figure 64, we can see 
that there is a difference between the phases: there is a crystallization and 
a fusion for the amorphous phase and there is only fusion for the 
crystalline phase (the crystallization degree achieved in our process is 
then maximal). Tg and Tm are quite the same for both phases and, in 
particular, their values are very similar to those observed in the previous 
chapter: this indicates that no degradation had occurred in the micro-
injection process or in the crystallization step. The degree of 
crystallization has been evaluated from a DSC analysis: for the 
amorphous phase Xc = 0, while for the crystalline phase Xc = 30%. 
The micro-injected biphasic PLA samples were produced by crystallizing 
the tip area rather than the gate area, to observe hypothetical differences. 








Figure 65. Schematization of the production of injected biphasic samples 
(amorphous in the gate and crystalline in the tip) 
 
 
The temperature variations in the filling and post filling steps are the 
same as those reported in Figure 62.  
In Figure 66 we can see the micro-injected biphasic sample: the 





Figure 66. Micro-injected biphasic PLA sample (crystalline tip, 
amorphous gate) 
 
In order to evaluate the morphology of the biphasic PLA sample, DSC 






Figure 67. DSC analysis of micro-injected biphasic PLA sample 
(amorphous gate, crystalline tip), first scan 
 
From Figure 67 we can see the same things as in Figure 64: there is a 
crystallization and a fusion for the amorphous phase and there is only 
fusion for the crystalline phase and  no degradation occurred in either the 
micro-injection process or in the crystallization step, considering that 
there is no variation in Tg and Tm. The degree of crystallization has been 
evaluated from the DSC analysis: for the amorphous phase Xc = 0, while 
for the crystalline phase Xc = 35%.  
This type of sample (amorphous gate, crystalline tip) was subsequently 




4.1.1. Hydrolysis tests, experimental results: micro-injected 
biphasic PLA samples 
 
Below are reported the experimental results of hydrolysis in the solid 
state of micro-injected biphasic PLA samples at 58°C under the 
conditions mentioned in Chapter 2.  
From the analyses carried out, we should observe a difference in the 





sample: in particular we should see a greater degradation in the 
amorphous phase compared to what happens in the crystalline zone. The 
latter should be more resistant to the action of the hydrolysis. 
 
 
Calorimetric analysis (DSC) 
Figure 68 shows the evolution of the degree of crystallinity (Xc) as a 




Figure 68. Evolution of degree of crystallinity during hydrolysis of 
micro-injected biphasic PLA sample (amorphous gate, crystalline tip) 
 
In Figure 68 we can see that Xc of the crystalline phase increases more 
slowly than the Xc of the amorphous  phase as hydrolysis proceeds: this 
probably indicates a slower degradation of the crystalline zone with  
respect to the amorphous one. At about 25 days, no variation can be 
observed between the values of the Xc of the two morphologies. 
 
Gel Permeation Chromatography (GPC) 
Figure 69 shows the evolution of the weight average molecular weight 





Figure 69. Evolution of number average molecular weight (Mn) during 
hydrolysis of micro-injected biphasic PLA  sample (amorphous gate, 
crystalline tip) 
 
As we have observed before, the molecular weights decrease for both 
zones. 
From Figure 69 we can notice no differences in the Mn of the 
unhydrolyzed samples: this confirms that no degradation occurred in the 
crystallization step. 
We can observe no differences in the evolution of Mn as the hydrolysis 
proceeds: at about 35 days we can see that Mn for the crystalline zone is a 




Mechanical tests were performed on the hydrolyzed samples: a 
penetration test, in order to evaluate if the samples more resistant to 








Figure 70. Evolution of force at break during hydrolysis of micro-
injected biphasic PLA sample (amorphous gate, crystalline tip) 
 
 
Figure 71. Evolution of modulus during hydrolysis of micro-injected 
biphasic PLA sample (amorphous gate, crystalline tip) 
 
From Figure 70 we can observe that up to 12 days, where the forces are 
near to 6.5 N, there is no fracture in either phase. After 19 days the 




proceeds. For the crystalline phase the force at break is a little bit higher 
than the amorphous phase. As hydrolysis proceeds, we can notice from 
Figure 71 a decrease in the modulus of the sample. Up to 19 days we can 
observe no differences between the moduli of the two different 
morphologies. After more hydrolysis, the modulus of the crystalline 
phase is a little bit higher than for the amorphous phase. 
Mechanical tests were performed on the other type of biphasic PLA 
samples with amorphous tip and crystalline gate. The tests, as before, 




Figure 72. Evolution of force at break during hydrolysis of micro-
injected biphasic PLA  sample (amorphous gate, crystalline tip) 
 
From Figure 72 we can observe that up to 14 days, where the force is 
near 6.5 N, there is no fracture in either phase. After 18 days the 
amorphous zone begins to break at decreasing mechanical stresses as the 
hydrolysis proceeds. Breaks in the crystalline phase can be observed at 21 
days. For the crystalline phase the force at break is a little bit higher than 







Figure 73. Evolution of modulus during hydrolysis of micro-injected 
biphasic PLA sample (amorphous gate, crystalline tip) 
 
As the hydrolysis progresses, we can notice from Figure 73 a decrease in 
the modulus of the sample. Up to 21 days we can observe no differences 
between the moduli of the two different morphologies. At later times, the 
modulus of the crystalline phase is a little bit higher than for the 
amorphous phase. 
The mechanical tests carried out on the two types of biphasic PLA 
samples confirm the same results. 
 
 
Images of hydrolyzed samples 
Figure 74 shows photos of the samples of micro-injected biphasic PLA 






Figure 74. Images of hydrolyzed samples of micro-injected biphasic PLA 
sample (amorphous gate, crystalline tip) 
 
We can see how the crystalline zone of the sample remains unchanged for 
up to 12 days. The amorphous zone, instead, has already changed after 
the second day: it turns from transparent to opaque. This could be due to 
the micro-fractures that are left by the water moving away from the 
sample during the drying phase.  Obviously the crystalline zone has a 
lower water permeability at least for the first 25 days of hydrolysis. From 
30 days on we can observe no differences between the two different 
morphologies. 
These hydrolysis tests confirm that crystalline regions present a (slightly) 
better resistance to hydrolysis: the obtained biphasic samples present a 





4.1.2. Hydrolysis tests, experimental results: micro-injected 
biphasic PLA and PLA + LDH samples 
  
In the previous paragraph the actual presence of a selective degradation 
rate within the biphasic sample was verified. In this paragraph, the filler 
selected in the previous chapter will be employed as the filler of micro-
injected biphasic PLA. 
Two different samples were analysed: 
 4032D (amorphous gate; crystalline tip) 
 4032D + 3% LDH-succinic acid (PLA + LDH amorphous gate; 






Below are reported the experimental results of the hydrolysis process in 
the solid state of micro-injected biphasic PLA and PLA + LDH samples 
at 58°C under the conditions mentioned in Chapter 2.  
From the analyses carried out, we can observe not only a difference in the 
degradation rate due to the hydrolysis process in the two parts of the 
loaded sample, but can note the protective effect against the hydrolysis 
due to the presence of LDH in both phases.  
 
Calorimetric analysis (DSC) 
Figure 75 shows the evolution of the degree of crystallinity (Xc) as a 





Figure 75. Evolution of degree of crystallinity during hydrolysis of 
micro-injected biphasic PLA and PLA + LDH samples (amorphous gate, 
crystalline tip) 
In Figure 75 we can see the same things as in Figure 68: Xc of the 
crystalline phase increases more slowly than the Xc of the amorphous  
phase as the hydrolysis proceeds. This can be observed for both samples, 
loaded and pure PLA.  The values of Xc for the sample with LDH are 
lower than those of the pure PLA sample, especially from 12 days on. 







Gel Permeation Chromatography (GPC) 
Figure 76 shows the evolution of the weight average molecular weight 
(Mw) during the hydrolysis of the micro-injected biphasic PLA and PLA 




Figure 76. Evolution of number average molecular weight (Mn) during 
hydrolysis of micro-injected biphasic PLA and PLA + LDH samples 
(amorphous gate, crystalline tip) 
 
As we have observed before, the molecular weights decrease for both 
zones of the two samples. 
From Figure 76 we can notice no differences in the Mn of the two 
different morphologies of  the unhydrolyzed PLA and PLA + LDH 
samples: this confirms that no degradation occurred in the crystallization 
step. 
We can observe no differences in the evolution of Mn as the hydrolysis 
proceeds between the two different morphologies of both samples. The 
values of Mn of the PLA + LDH sample are higher than those for the 
PLA. The Mn of PLA+  LDH decreases more slowly than that for PLA as 







Figure 77. Evolution of molecular weight distribution during hydrolysis 
of micro-injected biphasic PLA and PLA + LDH samples (crystalline tip) 
 
From Figure 77 it is possible to note how the molecular weight 
distribution curves of the two samples for the crystalline zones move 
towards lower molecular weights as the hydrolysis proceeds. As we 
observed in the previous paragraph, their shape changes over time: they 
become bimodal  although they were previously unimodal. 
We can observe no difference in the distribution curves of the two 
unhydrolyzed samples. After 33 days of hydrolysis, the distribution curve 
of crystalline PLA is shifted to lower Mn than the PLA+LDH one. After 
33 days of hydrolysis, PLA has a bimodal distribution more pronounced 








Figure 78. Evolution of ln(Mn-M) during hydrolysis of micro-injected 
biphasic PLA and PLA + LDH samples (amorphous gate, crystalline tip) 
 
The data of the two samples for both morphologies in the figure above 
have an approximately linear trend (the coefficients of determination 
reported in Table 4 are quite close to 1): the slope of the lines represents 
the value of the kinetic constant. Since the kinetic constant of hydrolysis 
depends on the pH of the medium in which the process takes place, the 
fact that the data shown in Figure 78 have a linear trend as a function of 
the duration of the hydrolysis means that the pH within the sample can be 
considered constant, just as found in the hydrolysis of the samples 
obtained by compression molding. Table 4 shows all the values of k’ and 
the coefficients of determination. 
 
Table 9. Kinetic constant of hydrolysis of micro-injected biphasic PLA  






PLA amorphous 0.0861 0.9929 
PLA crystalline 0.0816 0.9826 
PLA + LDH amorphous 0.0583 0.971 
PLA + LDH crystalline 0.0611 0.9863 
 
 
There is no difference in the values of k’ for the two morphologies of the 
two different samples. The values of k’ of PLA + LDH are lower than 
those for PLA: samples loaded with LDH are more resistant to hydrolysis  





GPC analysis confirms the DSC results: the presence of LDH protects the 





Mechanical tests were performed on the hydrolyzed micro-injected 






Figure 79. Evolution of force at break during hydrolysis of micro-







Figure 80. Evolution of modulus during hydrolysis of micro-injected 
biphasic PLA and PLA + LDH  sample (amorphous gate, crystalline tip) 
From Figure 79 we can see that the force at break of the loaded samples 
are higher than the PLA ones as the hydrolysis proceeds. In particular, for 
the amorphous zone, the break moves from 19 days for PLA to 26 days 
for PLA + LDH; for the crystalline zone, the break moves from 19 days 
for PLA to 33 days for PLA + LDH. 
From Figure 80 we can see that the values of the modulus of PLA + LDH 
are higher than those for PLA, in both morphologies. 
As the hydrolysis progresses, the modulus of the sample decreases. Up to 
19 days we can observe no differences between the moduli of the two 
different morphologies of the two different samples. At later times, the 
modulus of the crystalline zone is higher than that of the amorphous zone, 








                a)                                   b)  
Figure 81. Images of hydrolyzed samples of micro-injected biphasic PLA 
and PLA + LDH  samples at 50 days (amorphous gate, crystalline tip; a) 
PLA; b) PLA + LDH 
From Figure 81 the protective effect of LDH added to PLA as filler is 
evident. After 50 days, no difference can be observed between the two 









The aim of this work has been obtaining bionanocomposites, by using 
the injection micro-molding technique, with a degradation rate which can 
be modulated in time.  
As a biodegradable and biocompatible polymeric matrix, PLA (4032D 




 as interlayer 
anions), organic acids (succinc, fumaric and ascorbic acids), and LDHs 
intercalated with organic acids were selected. Eco-friendly and bio-
compatible additives were adopted to modulate the degradation rate of 
the PLA. 
This experimental work can be divided into two steps:  
1. The selection of materials; 
2. The production and characterization of samples obtained by 






Several mixtures of PLA and LDH (pure and intercalated with organic 
acid) have been obtained by an extrusion process. From all extruded 
materials, films were then obtained by compression molding. These films 
were then subjected to hydrolysis tests.  
The hydrolysis process, as a function of the residence time of the 
samples in distilled water, was observed through monitoring: 
 The temporal evolution of the weight of the samples; 
 The evolution of the degree of crystallinity of the samples by 
means of the differential scanning calorimetry technique (DSC); 
 The evolution of the glass transition temperature by means of the 
differential scanning calorimetry technique (DSC); 
 The evolution of the molecular weights by means of gel 
permeation chromatography (GPC); 
 Changes in mechanical properties. 
 
Weight of samples 
Using LDH-NO3 as filler makes PLA more resistant to hydrolysis for 
up to 45 days: for loaded PLA, the point of 10% weight loss is shifted 
from about 35 to about 40 days. After 45 days, there is no significant 





The experimental results show that there is an increase in the time 
needed to degrade to a given point for samples loaded with LDH-organic 
acid (in particular LDH-succinic acid) and a decrease in this time for 
samples loaded with organic acid alone. 
Adding 3% of LDH-organic acid can protect PLA from the hydrolysis 
process, in particular LDH-succ and LDH-fum. LDH-succ has the best 
protective effect: to reach the same weight loss as for the pure PLA,  the 
PLA to which has been added 3% (LDH-succ) needs a significantly 
longer time: the point of 10% weight loss is shifted from about 35 to 
about 50 days. 
 
Degree of crystallinity and glass transition temperature  
As the hydrolysis proceeds, an increase in the degree of crystallinity is 
observed. The degree of crystallinity can increase for two reasons: a 
decrease in the amount of the amorphous phase present in the sample 
(erosion by hydrolysis) or a crystallization of molecules, which from the 
amorphous phase become part of the crystalline phase. 
  We also note that the degree of crystallinity, in some of the samples 
analysed, tends to decrease: this is a sign of a very advanced hydrolysis. 
It is in fact known that hydrolysis occurs initially above all in the 
amorphous area of the polymer, but at a certain point there is also a 
hydrolysis of the remaining crystalline part, thus causing a decrease in the 
degree of crystallinity. 
As said before, Xc increases for all the samples. There are however some 
differences between the samples: up to 40 days 4032D + 3% (LDH-CO3) 
reaches a Xc higher than pure 4032D and 4032D + 3%(LDH-NO3); 
probably this indicates that this material  is more severely  hydrolyzed 
than the other. The lowest value of Xc is that for 4032D + 3% (LDH-
NO3): LDH-NO3 is the selected LDH able to make PLA more resistant to 
the hydrolysis process. 
The value of Xc of pure PLA increases quickly, compared to that for 
PLA + LDH-organic acids, while Xc of 4032 + 3% LDH-organic filler 
increases but remains at lower values, especially 4032 +  3% LDH-succ: 
at the end of hydrolysis, the Xc of 4032 + 3% LDH-succ is about 10% 
lower than that of pure PLA. 
Regarding the glass transition temperature, this is linked to the degree 
of crystallinity. Tg and Tm decrease for all the samples with the 
progression of the hydrolysis: their values remain higher for 4032D + 3% 
(LDH-NO3) with respect to pure PLA and 4032D + 3% (LDH-CO3) (Tg 
is higher by about 6°C). The same differences are observed for the PLA + 
3% LDH-organic filler: all loaded samples show a higher Tg at the end of 






The average molecular weights of the analysed samples decrease with 
the progress of the hydrolysis process. 
The values of Mn and Mw are higher for 4032D + 3% (LDH-NO3) 
than for pure PLA: therefore, the presence of LDH-NO3 as filler really 
protects PLA from hydrolysis. All samples with 3% LDH-organic acids 
as fillers kept higher molecular weight with respect to neat PLA with 
increasing time of hydrolysis, in particular 4032 + 3% LDH-succ, which 
has the lowest kinetic constant of the hydrolysis process. 
 
Mechanical tests 
The strength at break decreases as the hydrolysis progresses. After 21 
days, the samples begin to break at decreasing mechanical stresses as the 
hydrolysis proceeds. For 4032D + 3% LDH-organic acid, the force at 
break is higher than that of neat PLA, in particular for 4032 + 3% LDH-
succ. This mechanical analysis confirms what we observed in the other 
analyses: adding 3% LDH-organic acid protects PLA from hydrolysis, in 
particular when using LDH-succinic acid. 
 
Using organic acids alone as fillers, all the analyses carried out show 
an acceleration of the hydrolytic process. 
The same analyses have been performed using 4060D as polymeric 
matrix. 4060D hydrolyzes faster than 4032D. As observed for 4032D, 
also in the case of 4060D the presence of LDH-organic acids as fillers 
protects the sample from the action of hydrolysis, especially by using 3% 
LDH-succinic acid. 
All the analyses performed confirmed that the sample that is most 





From pure 4032D and from 4032D + 3% LDH-succinic acid, both 
extruded, biphasic samples were obtained (half amorphous and the other 
half crystalline) by micro-injection molding. A new dynamic mold 
temperature control system for rapid heating and cooling of the mold was 
used. These biphasic samples were then subjected to hydrolysis tests.  
The hydrolysis process was monitored by carrying monitoring: 
 The evolution of the degree of crystallinity of the samples by 
means of the differential scanning calorimetry technique (DSC); 
 The evolution of the molecular weights by means of gel 
permeation chromatography (GPC); 






Degree of crystallinity  
For all the sample, for both morphologies,  Xc increases as the hydrolysis 
proceeds. The value of Xc of the crystalline phase, for 4032D and 4032D 
loaded, increases more slowly than the Xc of the amorphous phase as the 
hydrolysis proceeds: this probably indicates a slower degradation of the 
crystalline zone than of the amorphous zone. The values of Xc for the 
samples with LDH are lower than those of the pure PLA sample, 
especially from 12 days on. The presence of LDH protects the sample 
from hydrolysis in both morphologies. 
 
Molecular weights 
The molecular weights decrease for both zones of the two samples. We 
could observe no differences in the evolution of Mn as the hydrolysis 
proceeds in the two different morphologies of both samples. The values 
of Mn of the PLA + LDH sample are higher than for PLA. The value of 
Mn of PLA + LDH decreases slower than that for PLA as the hydrolysis 
proceeds.  
The values of the kinetic constant of the hydrolysis of PLA + LDH are 
lower than for PLA: samples loaded with LDH are more resistant to 
hydrolysis than are the pure PLA samples. 
The GPC analysis confirms the results of the DSC: the presence of LDH 
protects the sample from hydrolysis in both morphologies. No difference 




Up to 14 days, for pure PLA, where the force is near 6.5 N, there is no 
fracture in either phase. After 18 days, the amorphous zone begins to 
break at decreasing mechanical stresses as the hydrolysis proceeds. A 
break in the crystalline phase can be observed after 21 days. For the 
crystalline phase, the values of the force at break are a little bit higher 
than for the amorphous phase.  
The force at break of loaded samples is higher than for PLA samples as 
the hydrolysis proceeds. In particular, for the amorphous zone the break 
moves from 19 days for PLA to 26 days for PLA + LDH; for the 
crystalline zone, the break moves from 19 days for PLA to 33 days for 
PLA + LDH. 
 
 Also in the micro-injected samples, the experimental results show that 
there is an increase in the time needed to degrade to a given point for the 
loaded samples compared to pure PLA, both for the crystal phase and for 
the amorphous one. Crystalline regions present a (slightly) better 




Summing up, at the end of this experimental work, we can conclude that: 
• Eco-friendly and bio-compatible additives can be adopted to 
modulate the degradation rate of PLA; 
• The fillers can be melt-mixed with PLA; 
• Using 3% (LDH-organic acid), succinic acid in particular, as 
filler makes PLA more resistant to the hydrolysis process in the 
solid state; 
• PLA was successfully micromolded in a 200 μm thick cavity by 
adopting a fast mold surface temperature control, obtaining 
biphasic samples; 
• Hydrolysis tests confirmed that crystalline regions present a 
(slightly) better resistance to hydrolysis: the obtained biphasic 
samples present a selective degradation rate; 
• By adding 3% (LDH-succinic acid) filler, a significant delay in 
degradation could be reached also in the micromolded samples. 
All the characterizations concur well in demonstrating the efficiency of 
LDH filler in content as low as 3% wt. in delaying the hydrolytic 
degradation of PLA. Among the studied samples, the LDH-succ filler 
appears as a promising candidate to significantly delay the breakdown of 
PLA. It is our belief that such a combination of a food additive and a 
benign inorganic vessel may open new routes in designing PLA 
composites for targeted applications, which can range from durable ones, 
such as, for instance, automotive parts or equipment housing, to 
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In this section DSC thermograms of all analyzed samples are reported. 
 
Figure A1: DSC thermograms of 4032D at selected times of hydrolysis. 
 
 
Figure A2: DSC thermograms of 4032D+(3%LDH-NO3) at selected 





Figure A3: DSC thermograms of 4032D+(3%LDH-CO3) at selected 





Figure A4: DSC thermograms of 4032D+(1%LDH-succ) at selected 








Figure A5: DSC thermograms of 4032D+(3%LDH-succ) at selected 





Figure A6: DSC thermograms of 4032D+(5%LDH-succ) at selected 










Figure A7: DSC thermograms of 4032D+(1%LDH-fum) at selected 





Figure A8: DSC thermograms of 4032D+(3%LDH-fum) at selected 











Figure A9: DSC thermograms of 4032D+(5%LDH-fum) at selected 





Figure A10: DSC thermograms of 4032D+(3%LDH-asc) at selected 






































Figure A15: DSC thermograms of 4060D+(3%LDH-succ) at selected 






Figure A16: DSC thermograms of 4060D+(3%LDH-asc) at selected 
times of hydrolysis 
 
